It is known from the literature that a slight distortion of the ideal cubic cell is present in the NiO structure. This work shows that such a distortion can be accurately evaluated by means of a refinement of the structural and profile parameters of X-ray powder diffraction data. Moreover, since only small amounts of products are sometimes at disposal to perform structural characterizations, it was thought useful to extend the refinement procedure to X-ray data collected on NiO samples of much lower mass (15 60 mg) than those usually utilized in X-ray diffractometric studies. The results obtained show that reliable structural parameters can be obtained from low mass samples too.
Introduction
It is well known that both deviations from stoichiometry [1] [2] [3] and doping with aliovalent cat ions [4, 5] can be responsible of the semiconducting properties of nickel oxide. The electrical [3, 6] and magnetic [7] properties of different materials based on nickel oxide, particularly solid solutions of the type Li^Nij^O, have been extensively studied. These com pounds are now in use in the construction of electro magnetic and electrochemical devices [8] [9] [10] , so there is a great deal of interest on them.
Structural studies based on X-ray powder diffrac tion were performed on NiO [11] , LiNi02 and NaNiO? [12] and on some solid solutions of the type LixNi j _xO [7] . All these studies agree in indicating the presence in the NiO structure of a small distortion of the ideal cubic cell. According to [11] , in which such a distortion was reported for the first time, the structure at room temperature can be described by a primitive rhombohedral cell characterized by a' = 2.9518 Ä and y! = 60.07°. However the distortion is so small that it generates appreciable splitting of the reflexions only at high angle values.
According to the common crystallographic use, the space group based on the rhombohedral Bravais Reprint request to Prof. V. Massarotti, Dipartimento di Chimica Fisica delfUniversitä di Pavia, viale Taramelli 16, 27100 Pavia (Italy).
lattice can be treated both with hexagonal and rhombohedral axes. The former are generally pre ferred due to the easier structure visualization they make possible. The lattice parameters a and c of the triple hexagonal cell are related to the parameters a' and a' of the primitive rhombohedral cell by [13] a = 2a' sin(a'/2),
c = a' [3 (1+2 cos a')]: 1/2,
and their values are a = 2.9549 Ä and c = 7.2266 Ä. The hexagonal cell can also be directly referred to the cubic cell: the c axis of the former will be along the direction of the diagonal of the latter. As a conse quence, the family of planes constituted by alternate layers of nickel and oxygen ions, which are indicated by the Miller indices hhh with respect to the cubic axes, will be described as 001 planes with respect to the hexagonal axes. The a axis of the hexagonal prism lies on the diagonal of a face of the cube and its length is one half of the length of the diagonal itself. In the absence of any distortion one will have (ac is the cubic lattice constant)
c/a = ] /6 = 2.44949.
If a rhombohedral distortion is present, one must expect that the c/a ratio deviates from its theoretical value.
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The first aim of the present work is to see if the structural distortion (c/a) of nickel oxide can be accu rately evaluated by refinement of the structural and profile parameters of X-ray powder diffraction data. The second aim is to verify if such a method can be reliably applied to low mass samples (15-60 mg), i.e. to samples of much lower mass than those usually employed to collect diffractometric X-ray data on powders. The results of this study might be of remark able usefulness, as it would be highly desirable to per form structural characterizations on samples of well defined and controlled composition as those prepared, under controlled conditions, but on a scale of few tens of a milligram, on a thermobalance.
Experimental

Products
Nickel oxide was obtained by oxidation, in air, of the nickel powder INCO 255. The powder was heated (heating rate 1 °C/min) up to 850 °C, then maintained at this temperature for 24 h to assure complete oxida tion. Two micrographs of the product so obtained are shown in Fig. 1 (micrographs were collected on gold sputtered samples with a scanning electron micro scope Cambridge Stereoscan 200).
Apparatus and Procedures
2.2.1. D iffra c to m e tric M e asu re m e n ts Diffractometric measurements were performed by means of a Philips PW 1710 powder diffractometer, equipped with a vertical goniometer Philips PW 1050 and with a graphite bent crystal monochromator. Use was made of the CuKa radiation (Ka1 = 1.5406 Ä, Ka2 = 1.5443 Ä). Powder patterns were taken in the angular range 35-154° (2 0) in step scan made with a counting time of 0.3 s/step and step widths of 0.02, 0.03, 0.05, 0.10. 0.15 . Measurements were performed both on "bulk" samples (sample mass 1 -2 g), backpressed into an aluminum sample holder, and on thin layer samples (sample mass 15 -60 mg, layer thickness about 0.1 mm. in the following referred to as "low mass samples'") prepared by dispersing the powder between two polyethylene films.
R ietveld R efinem ent P ro c e d u re
The refinement of the structural and profile param eters, based on the comparison of the calculated pat terns with the experimental ones [14] , was performed with the program DBW3.2S [15] , to which reference should be made also for what concerns its general description and the meaning of the discrepancy fac tors quoted below. The calculations were performed both for the hexagonal (S.G. R-3m) and for the cubic (S.G. Fm3m) cell. The following atomic coordinates were used: a) Ni (0, 0, 0), O (0, 0, 1/2); b) Ni (0, 0, 0), O (1/2, 1/2, 1/2). The atomic scattering factors of the Ni2+ and O2-ions were taken from [16] and [17] , respectively.
The refinement procedure consisted of the following steps: 1) refinement of the scale factor, of the zero error and of a background coefficient independent of the angle (3 variable parameters); 2) refinement of the lattice parameters a and c together with the previous parameters (5 variable parame ters); 3) refinement of three more background parameters dependent on the angle [15] , for a total of 8 variable parameters; 4) refinement of an asymmetry parameter [14, 15] and of three peak profile parameters by means of the pseudo Voigt function [18, 19] : of these three two are related to the full width at half maximum (FWHM) of the Gaussian component [one angle dependent (u) and one angle independent (vv)], while the third (y) describes the dependence of the FWHM on the Lorentzian component; 5) refinement of two isotropic thermal parameters, B(Ni) and ß(O) which, added to the parameters included in the previous steps, led to a total of 14 variable parameters refined in this step. Each step was considered to converge when the difference between the values of the variable parame ters obtained in two successive cycles was lower than 0.3 e.s.d. (estimated standard deviation). The values of the variable parameters obtained by each step were used as initial values for the successive step.
Results and Discussion
"Bulk" Samples
The result of the refinement performed on the basis of the hexagonal cell are reported in the first column of Table 1 transforming it into hexagonal parameters via (3), and then applying a slight distortion (up to 0.07%). The initial value of the cubic parameter (4.17563 Ä) was obtained by the linear regression method from the an gular positions of the observed reflexions. The corre sponding undistorted hexagonal parameters were: a = 2.95262 Ä and c = 7.23241 Ä. With an 0.07% ex pansion for a and contraction for c, the following lattice parameters were obtained: a = 2.9547 A.c = 7.2274 Ä, which were used as initial values in the refinement. In this case too. the final values of the lattice parameters were: a = 2.95449(2) Ä and c = 7.22641 (7) Ä. The c/a ratio (c/a = 2.44591 (8)) shows a slight but appreciable distortion.
A refinement was also performed with initial values of the lattice parameters obtained by applying an op posite distortion (contraction of a and expansion of c) to the hexagonal parameters obtained as explained above. The results are reported in the second column of Table 1 , while the comparison between the pattern observed and those calculated from both refinements is shown in Figure 2 . In order to understand the differences between the two treatments, it appears par ticularly important to compare the refined parameters u, w, y. The first two of them describe the angular dependence of the Gaussian component [HG = (u tg20 + w)1/2] of the FWHM, while the third one describes the behaviour of the width of the Lorentzian component [HL = y/cos 0] of the profile. Fable 1 shows that the coefficients of the Gaussian component change appreciably on passing from the first to the second kind of refinement. In the latter one the Gaussian width results increased appreciably, as it can be seen from the curves HG-I and HG-II of Fig. 3 , while the Lorentzian width remains substantially unchanged (curves HL-I and HL-II of Figure 3 ). As a conse quence, the total FWHM is much higher in the second refinement than in the first one. A comparison be tween the experimental and calculated patterns for the high angle reflexions is reported, for both refinements, in Figure 4 . It can be seen that the difference between the observed and calculated patterns becomes appre ciable for the second refinement, leading to an appre ciable increase of the discrepancy, factors and of the goodness of the fit that such a refinement presents over the first one (see Table 1 ). Moreover, as a conse quence of the increased FWHM, no separation is pos sible in the calculated profile of the second refinement, of the reflexions 300, 214 and 018 which, on the con trary, result separated both in the pattern calculated according to the first refinement and in the observed one. Experimental evidence then indicates that the first model, whose c/a ratio is lower than j/6. is much more reliable than the second one (c/a > j/ 6).
A refinement was also started, based on an undis torted hexagonal model; however the second step of the refinement procedure failed to converge, so that no result is reported in Fable 1 for such a model. Conver gence was on the contrary obtained in all the steps of the described procedure for a refinement based on a cubic model. Fhe results obtained in this case, which obviously cannot explain the observed separation of the high angle reflexions, are reported in the third column of Table 1 Table 1, respectively. lattice gives, together with the more favourable dis crepancy factors, profile parameters by which the ob served separation of the high angle reflexions can be explained. The conclusion can then be drawn that the structural distortion of the nickel oxide can be de tected by the refinement of the structural and profile parameters of X-ray powder diffraction data.
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Low Mass Samples
The results obtained for some of the refinements performed on low mass samples are reported in TW O TH ETA Fig. 4 . Observed (markers) and calculated (continuous line) patterns of the "bulk" sample in the region of high angle reflexions: a) and b) refer to models 1 and 2 of Table 1 , re spectively. Table 2 . Patterns were taken on samples of about 60, 30 and 15 mg, with step width of 0.02° and 0.03° and with filament current of 35 or 20 mA. The refinement procedure was exactly the same as for the bulk sample. The use of such different conditions of data collection aimed at verifying if and in which way experimental details can affect the results. As it can be seen, the major differences between the results of Table 2 and those obtained on the bulk sample (Table 1) concern the values of the thermal factors and of the zero error. The latter is higher while the former are lower than those obtained for the bulk sample. Moreover the thermal factor of the Ni atom appreciably decreases with decreasing sample mass and becomes negative for the sample of lowest mass (fifth column). It is note worthy however, that the lattice parameters, and then the c/a ratio, are practically independent both of sam ple mass and experimental details, their values being practically identical to each other and to those ob tained for the bulk sample. This is in favour of the applicability of the Rietveld refinement procedure to X-ray data collected on low mass samples. Also the profile parameters seem to allow a similar conclusion.
As it can be seen in Fig. 5 , they lead to calculated patterns which are able to explain the observed sepa ration of the high angle reflexions. It must be stressed, however, that the reliability of a refinement can be discussed from a quantitative point of view by analyzing its discrepancy factors. Among these the Rwp factor, which contains the quan tity being minimized during the refinement, has long been considered the more suitable one to give infor mation about the reliability of the refinement: but Rwp increases with decreasing pattern counts, so that it cannot be reliably used to compare the goodness of refinements performed on patterns collected under different experimental conditions. The lower value of Rwp, that the refinement of the first column of Table 2 presents over the other refinements reported in the same table, is due to the higher value of filament cur rent which, in turn, resulted in an appreciably higher pattern count. When pattern counts are similar (first columns of Tables 1 and 2 ), the Rwp values are similar and, as expected, the lower Rwp value is obtained with the higher pattern count. It is now generally believed that the goodness of fit, defined as the square of the ratio between Rwp and RE, represents the most suit able parameter to evaluate the reliability of a refine ment. As it can be seen in Tables 1 (first column) and 2, the goodness of fit obtained for the bulk sample is sensibly higher than those for the low mass samples. The surprising conclusion should then be drawn that not only it is possible, but it is even better to apply the Rietveld refinement procedure to patterns collected on low mass samples rather than on bulk samples. Of course, it is quite difficult to believe that an increased sample mass can act as an intrinsic source of error, and it seems much more likely that the sample mass exerts only an apparent role on the goodness of fit. The problem then arises to thoroughly analyze in a critical way the influence of the experimental condi tions. Such an analysis will be presented in a next work.
In fact, systematic studies already existing in the literature on the accuracy of the parameters and on the reliability of the e.s.d.'s obtained by Rietveld re finement [20] , indicate that a correct choice of the conditions of data collection (step width and counting time) is of fundamental importance to avoid under estimation of the e.s.d.'s of the lattice parameters. Patterns were then collected at different step widths
Step both on bulk and on low mass samples in order to maximize the accuracy and precision of the lattice constants and to verify the influence, if any, of the step width on the goodness of fit. The results of the refine ment performed on these patterns are reported in Ta bles 3 and 4. It can be seen that:
1) the goodness of fit changes with changing the step width and reaches a common minimum for step widths of 0.15° (bulk sample, Table 3 ) and 0.10° (low mass sample, Table 4 ); 2) when the goodness of fit is at a minimum, the e.s.d.'s of the lattice parameters reach their maxi mum, becoming three times (bulk sample) or two times (low mass sample) greater than at step widths of 0.02°; 3) the Durbin-Watson D coefficient, tested against the 0.1 significance point Q [21] , indicates that, while the best refinement of the bulk sample contains a slight positive serial correlation between adjacent steps in the profile, no serial correlation is present on the best refinement of the low mass sample.
Thus, it is evident that the step width has a greater role than the sample mass. Such a role, together with those of other parameters, will be extensively dis cussed, as above noted, in a subsequent paper. It is, however, important to remark here that, when the appropriate step width is selected, practically the same (and the lowest) goodness of fit and the same lattice parameters and e.s.d.'s are obtained both on bulk and on low mass samples. While ruling out the idea that an increased sample mass might act as an intrinsic source of error, these results fully confirm that the Rietveld refinement procedure can be applied to perform reli able structural characterization of low mass samples.
Conclusions
The Rietveld analysis of X-ray data collected on NiO powders confirms the presence of a slight rhombo hedral distortion in the NiO lattice. The refinement of the structural and profile parameters of the diffraction data collected both on bulk and on low mass samples 
